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1 SYSTEMS AND METHODS FOR 5 MEASUREMENT OF LOW

LI QU D FLOW RATES BACKGROUND The present invention
relates to the neasurenent of liquid flow rates-

Sem conduct or manufacturers, the health industry, the
food industry and others 10 require accurate
measurenent of lowliquid flowrates. Low liquid flow
rates tend to break up into a series of droplets of
smal |l volune. As the desired accuracy approaches the
dropl et vol une, neasurenents béconme unreliable. U S
Patent No. 4,869, 722 describes a device that tries to
address this problem by nonitoring the droplets

rel eased fromthe tip of a drop funnel 13 onto a
liquid 15 at the top of a reaction cell 16. The
reaction cell 16 senses the inpact of e'_In dr opl et ,
but the user cannotSY¥EERMBANGMEDIOPS (Sﬁopl et size
or flowrate and the neasurenents are_suscepti %I eto
envi r onment aMEASHBEMENT AMPVHRIRYIDFLOW RATE '
perturbations. The droplet size cannot change wi thout
altering the funnel opening dianeter, and the liquid
flow rate changes with variations in K quid 20 supply
BAGCKBROWNR, ing of a droplet is also inaccurate if
the droplet forns at the funnel opening due to
Thergrasenttimresition relatelsdp the meagi@mgnt obliguld Boy rpigs+
between measurenent intervals. This nethod is al so

?ﬁ&@t@r hahuBBRRIS | 8 helitg fiRtustry, que todd nadustajt arsd others
not tormng droplets, thus I|mt|n EHY"R' t i ons.

regre Fequsaie mgasuelz@m of jew Aigdid UOS’ ow rates
t m? e J@? ugsh'?totat@?nf@éW%‘?&Metsaﬁ sﬁﬁﬁ%hﬂﬁ@ Ptsothg‘%l@féidé@

iquil and ow rate. Those nethods are not
asoutaap lapprdashes dreydioplet Mpluwne. MaasHERRRIE: ReFREe WAk igble.
error tol erances exceed the droplet or sub-droplet
U.8NPatent Neal Bs00TP 2038 ceibes haleeicd that diegsetoraeitiness thisl problem

nasudade i S AR P U ke R g v
£ Bp & a RGO Titke rbeB%@\leEmes mrr@amt ot ihe

i nvention relate to the neasurenent of

dreplet bul theayser eapaRlirAaMY, Cantel B1e; dgora%w% ga fow tat8 tind the
RO OhkRfs ark |sR¥c &R @ erfRBRMBARI Bhardeand minor physical

perturbations. The droplet size cannot change without altering the funnel
opening diameter, and the liquid flow rate changes with variations in liquid
supply height. Sampling of a droplet is also inaccurate if the droplet forms at
the funne! opening due to surface tension or falls in mid-air before impact -
between measurement intervals. This method is also unsuitable for measuring

higher liguid flow rates not forming droplets, thus‘limiting its applications.

U.S. Patent No. 4.244 218 and U.S. Patent No. 6,026,683 usé the buoyancy
principle fo_ measure liquid leve! and flow rate. Those methods are not suitable
for very low flow rate measurements where error tolerances exceed the droplet
or sub-droplet range. Floatation devices have delicate mechanical parts prone
to calibration errors.and‘physical damage, adding to manufacturing and

maintenance costs.
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as val ves, and one or nore |load cells coupled to a
collection vessel with a weir 5 allowing a liquid to
fill the collection vessel. The liquid supplied to
the weir rises wthin the weir until the liquid
overflows the weir. The collection vessel is wusually

vented during filling to relieve back pressure and a
pressurized gas can be used to facilitate draining.
in another feature, liquid is supplied and after a

hydraul i ¢ stabilization periéd, 10 the controller
captures a | oad cell signal and opens a timng

Vi DM R PO PREGRYENIIONNe tining wi ndow t he

control l er captures another |oad cell signal. The

troll lculates th |
ibeamsns of e RPRIR [ Can S nekaERhPpf fibic fow rates. In an
?ﬁ%@ﬁeﬁﬁ%r&@é BrovitHdos cbxhlteonenl flove tontool catrponhis such
r

ation of the timn ndow
rmeiveemand oy i IS R P R AR o et wity a wel

OMREALIEq bl € B tHe cdllBeticyed=eal. dan hqaidesqppb@d tocthe weir rises

rreasurerrents of low_ flow rat not e
Fettab e Rerighe hauEay Eies B8 v TORAD I toh FEbe

flQ !I%%QQ guﬁﬁ%ﬂiﬁ?‘i’d reliedt ®ab0 B&Is@ﬂﬂe dncbavpreastigokd das can

eiNil nst ant aneous neasured flow rate
i 5 camplarfadiitaiet dragmng.nput command, e.g., 20 derived
fromflow rate calibration, sendlng an error

ﬂrarr S fhtfeedbaiaks sigiel antaafiehe hydnau!!o Istaiiization period,
valves to adjust the flow.rate 8f t he

|
tme cantapller captrenia lepssclrigiiped CBR P g PP A he ond

%@ﬁ gs@btﬂé l&oﬁiréﬁﬂ@'cabﬁjré\é &hotaer load celbt;lgbhleThe
error gl n and/ or .t he desired . f

rcamerollesr caérsﬁﬁbrsmgﬁ gess 2biheneo!prigdiliguic QT g ré)llectuon period
qs the S nrtgg?s%’ﬁér%? g 1. {E@tﬁ‘aﬂﬁ tiRé Golﬁﬁféﬁmd favee Taadiuration of

0 neasure low fl ow rates, § %?hg 0
athd tin‘emgwwdsiowdels&mlsem the mepssFeragnt desirpga=inF gjgewells
y anglg%g\f{q g\-ﬂ L %Lﬁwhe%ﬂ/gﬁrﬁ PSH HEAKB SrécisaR@as Gements of low

he [ wrate systemis sinple,
riuggetes.and | ow cost to manufacture, and rel atively
i mmune to environnmental change and m nor 30 physi cal

lﬁra‘n‘é&%?‘féémre ?@eddalak RohiréiSt imsipehtef intdhigattnvemttagiiow
there'is provided a systemfor nea urhl rr}]%tfoldgwhrate

ohethobicy stahdy cdaterdossiagt flow method. [n
instantaneous measured flow rate is compared with an input command, e.qg.,

derived from flow rate calibration, sending an error correction feedback signal
to the controllable valves to adjust the flow rate of the liquid supply, the drain
and the gas pressure, until error correction feedback signal is with an

acceptable predetermined error margin and/or the desired flow rate is

estéblished.

The liquid flow rate measurement éystems and methods are sensitive and well
suited to measure low flow rates. The systems and methods can scale, If
desired, to measure a wide range of liquid flow rates including a range of
viscosities. The liquid flow rate system is simple, rugged, and low cost to

manufacture, and relatively immune to environmental change and minor

physical perturbation.
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a collection vessel coupled to a supply valve and to
a drain valve; a weir providing a passage for the
liquid into the collection vessel, 5 wherein the
liquid travels fromthe bottomto the top of weir and
overflows into the collection vessel; a |oad cel
coupled to the collection vessel and generating a

| oad cell signal indicating the nass of the

coll ection vessel with thezcollected liquid; and a
controller for converting the | oad cell signal to
indicate thé liquid flow 10 rate into the collection
vessel ; wherein the weir includes a colum or tube

wherein the top of t t om of

I risdPeeetiasi & ueRton i s PR AR ESHE T | <
pvRefng fiswmtt ld abioutdoromprising wei r at a const ant
ressure, pr.oducin v at of

Phe warpIdhist Vene cBrMediy B upBt e AR ES alhgn vaRe!

W t holtyelprbndifatd passate fibrshe bqunﬂ mtretmnemoravmebnd

aspect of the invention

afherma die o trayels frogyihe &PEO%&O éhel 1|% gei %‘np#.{l%ﬁb&% into

@e\y@pr for a. passage into a collection
\%eg(\é[délgb{%o ssu g liquid to the weir so the ’O@ﬁ ceﬁl

over f b doas! cteﬂi@owa fQﬁ’@Ie eellacken wessplandRenaiping?
‘@%th.cgﬁ@e{h@%% 8 ﬁn@%éit&;%h véss@ﬂévlth Itrsksit@!mctdmguqume; and

colléctron vessel wt (1
col | eatedtrolizo frvsrarivaginglie loed et éngnalép gmawa g dhe liquid flow
i ndi catﬁ tq@é ow raeae of the liquid into 25 the
é@?l"étett DRMPEULR Sy supplying the liquid fromthe
bot t ofhefeirt the Weir Incildes a mm antubp mdesein éh@mohjdmmyelr
an overflow at the t into th

onerhe RO GOlEEon 5 RO TP e e Bypumped
Wo% oAb EhS wedr at%ﬁtﬁﬁ@bﬁ@l@ﬂﬁng lal[ﬁradua!

ure IS

F
|o|vq@pw at|ﬂaé¢gqpa2féh?ré%?§uwé’r§£b FO‘l‘ﬁ 'O%V%S&eﬁP¥§[?§’f¥§‘t't§8“t
tpmog%gmgowotr isfcart and stop liquid | evels over a

time I nterval igure 2 is an enlarged view of the
syst em showi ng liquid novenent at the top 5 of the

\1\@5 second aspect of the invention, there is provided a method of measuring
the flow rate of a liquid, comprising:

providing a weir for a.passage into a collection vessel;

supplying fiquid to the weir so the liquid overflows the weir and collects
in the collection vessel, '

generating a load cell signa! indicating the mass of the collection vessel
with the liquid collected;

converting the Joad cell signal to indicate the flow rate of the liquid info
the collection vessel: and supplying the liquid from the bottom of the weir at a
constant pfessure producing an overflow at the top of the weir into the

collection vessel by gravity without formation of mist or droplets.



Figure 3 is a flow chart of a batch nethod of flow
rate nmeasurenent. Figure 4 is a perspective view of
an enbodi nent of the systemshowing |liquid paths at
the collection vessel. Figure 5 illustrates an
enbodi nent of the system showi ng a systemfor |liquid
10 flow rate neasurenent. It also illustrates a

f eedback control nechanism Figure 6Ais a flow
chart illustrating a batch nethod for liquid flow
rate nmeasurenment prior to tBe feedback contro

nmet hods of Figure 6B. Figure 6B is a continuation of

Fi gure 6B and_ijll dback contro
RRIRDESARIPTION b?fﬂ%ﬁ@?éﬁﬁ%@%els 4 DETAI LED

DESCRI PTI ON OF THE PREFERRED EMBODI MENTS The

fraglew roardesbodipenbof a aystenider iqwid fey fatgipragyrement. it aiso

carrying out  the. invent] ol 55 il ih@val.
e e A S R T A
principles of the invention and shQuIﬁ ngt be ta elie to
| Figard 2 s an egjamedsiew ghibiessysiesheharing fauif ARTH 3t dhe top
dqﬁﬁrnkﬂgd by reference to the clains. Figure 1

i 103t es an enbodi nent of a systemfor low liquid

“flowrate t, Th tem 10, i ngl ydes i
ot pisedonsna coptakh BRI Tar 195 Mendlighee e |

10

of height h provides a passage for hk&gid supplied = |
f Figuirend id h guispestiyepligw iofi batenii®diroent afdie sysiermishgwi liquid
disposqufagve.the floor of the 10 collection vesse
2pathpat leclQLYSBPal that the bottom of the weir

36 extend beyond the bottom of the collection vessel
2Bigase Bdpistrates. anl embegimentpiibe systeAuShaWig R SHateHblor drid
of the c ' e I j sn20
oy gL, KER P e Foce bR

wei ght material with | ow surface tension. a

chisnre 8y orlom. seslyvatad a it aeree Bhie il ey s
WhidashRshaf ribPtd the idédeek keatreitnéthads of BGuelel as

pol ypropyl ene or a Teflon(r) coated material.

CERE bB Pl TR e o R PR R Bl bl

"t hesteddnihaptan beimgemeatudr ed can be used. In

15

operation, liquid is supplied-through a supply line
40 into the collection vessel 20 at a pressure that
exceeds the weir pressure, the internal atnospheric
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20 pressure,- and line friction. This generates |liquid
flow t hrough an open two-way supply valve 42 into
the liquid supply inlet 28 leading to the weir
opening 32. Once at the weir opening 32, the liquid
overflows the weir 36 in dowward direction 34 to
formcollected liquid 30 preferably w thout breaking
up into drops or droplets. If the weir 36 is a
colum or tube disposed vertically and centered 25 in
a cylindrical -shaped col | ect Aon vessel 20 as

depi cted, the arrangenent wl|l distribute t he | oad

HtAILES PesERIPERIN e pRErERRED EMEROMENPSCD e

weir 36 need not be centered wth res ect to {hF i
CKHd fett(bwmg dessripgionJociuges thedrest mode of gggylgg oyt thejpvention.
o h thé 1
ﬁaﬁg ?Efde‘%f’eﬁcnp%{é% é&’é‘g)\fl‘?@% {erﬁg% 'bEgHéatg:Jitﬁrgt he @egera
RikeMles Sfané atledtiomand shoulback be takenriofalliseiting sgrse. The

through.a two-way. n.val ve i ne 46.

|5$ORA Oféh?o‘ﬁﬂ?'ﬁ@ﬁ‘t'sgjfg%éan %ycli9¥%’9fl'?%ﬁ)| tﬁu%%ﬂbﬁ |§ dr ai ned

by gravity through the drain line 5 46. Deendl%% on
y

tiiguneo! diustratey anfentiealinizguofc Bsitery f‘?féa‘é’d'ﬂlé@ flowg 7
be necessa
gﬁgeﬁurpﬂ\gngﬁl]e serf b%&ﬁu:’& %Yr%rlﬁ% pdddd uﬁ)b%‘éﬁéﬁt@n

vesse er than
ajdREPIE M weie3s of Beight h popvigesr apamgwo@wm sinpjed from a

Pt ISR o e B2 Pl 05 1 Ay oo

OfoiLQtiGRTedsal 20 LIFR riRBshatEN thett thesmdttohB of fieaveir 36 extend
non-reactive gas 12 |S£refera

| beyand tbe.bﬁgomfém eallacon yesse 3?5 asclept tcf H%COA‘E%‘PS gytend

°1frou’nh[ﬁF @6 dibdhéi c&ié&%n TN Q@a’éh& @mé&t@n v&éb‘el s0m8d the
et or vent can be used to ve

. wee Bﬁa&ire @a@e{abéss%@d@ o3 iight waight R ’%§UR§%\% nsion
' t to th
At o RaRTRON) R cLbRrcabh heggareel e o o
acalicteaf liduih80 seth as zolypmvtaﬁnedugﬁﬂ@fm weates matgHabr t
Alternativ

cBpmeleh B aets St als Fiog HaEAS BaBic” SR B Ad and
cehémically bempetitleevithahe chemnicatmiing measmed)cBNdEsuTEE.
The |oad cells 24, 48 output an anal og el ectri cal
S { | it 85 irfkd thet ciatti |

hgg&iﬁ/fﬁ%hlqa@r{ggg%@&?ﬁg&{@gaads%eI F(F'g 1I'he anal o |0r.1 vesse
ebect nipgesswed thit gnatedssthe aiupTegs | thedotefab piragspbgric

t Efaetsshpec L4d%Re @ru&%ﬁp?hgrgeﬂepatéé/ RiG&KIbY through an open two-way
supply valve 42 into the liquid supply iniet 28 leading to the weir opening 32.

" Once at the weir opening 32, the liquid overflows the weir 36 in downward

direction 34 to form collected liquid 30 preferably without breaking up into drops
or droplets. If the weir 36 is a column or tube disposed vertically and centeréd
ina cylindrical-shaped coliection vessel 20 as depicted, the arrangement will
distribute the load symmetr:cally across the illustrated first and second load
cells 24, 48. In an alternative embodiment, the weir 36 need not be centered

with respect to the collection vessel 20.
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i ncludes an anal og-to-digital conversion function
with stored calibration information, where a digital
signal is generated for further processing or used
for generating a digital display. It is not

consi dered essential to the invention regarding the
type of controller 50 that is used. One suitable
controller 50 is the 25 M tsubishi FX2N programabl e
logic controller with a known conventi onal '
anal og-to-digital converter.dln an alternatlve

enbodi nent, controllers wthout anal og-to-di

al
gr)péﬁ’{ %$ rno%ag&yat?&i uémn@f lq-rw%(yuet;‘hpﬂ veaseb2d regu ates the llqwd
igita
dereDid I eTecendin #OTen bY amsl S, orfess Brok
okt rSﬁéoeé’raLrl t% h@twdv%bgmaan bwvetwtomgdram IB@ 46 dman
y col |l ection veaz’ t% Swghgg in line
tdmbuu:imhpu’t tyngaliecisr iguick §bis) d5aRoR BV |95 by PSSR T he

| ection vessel 20 is enpty and resting on the
port 22. We will refer to the nass of the enpty

| l.ect

E’u%’@pé%m{;&n ihervoseiBeat Fe i et fearted, | B etfheessan to

Iﬁ!’:\’ﬂ%ﬂl Hb infindIRL§IEUrE 98 R end @illabtlmramsm 2% at highenthan
['ect1on vessel 20 contains e 0! Pe

%mmpdembppg@p duping ,qggrq\tﬁoad:iyosup ylr@ﬁ areé;st %c—lt ﬁ%H active

?’ -w% r@ﬁ’l@cﬁd%s@@tﬁ) m @fre@@ﬂab%tv@dléll domiriots B@ supply of

c%?ur% eb conputin - change in ss Al

agas ntotreajasatiot SMenATS. FaBPaToEdvagaE Bt PEHCGPY mert o
te

{g“enlwél dgt?euegh@ %gpl ec?tago?ﬁ' Af}ecgﬁg B{eez%%:'ﬂl?ﬁﬁ I ShDWw Ileﬁd flow

by
dﬁaﬂé hidaas[l[ﬁn&tnt@nﬁm sEM&/gas MIqatqu.vgm ]]8 mpg Iu\égqli1 o Y‘Fﬂi the
qui d vol une t |
| i”&%[ﬂailgllﬁ prgﬁre&Bﬁﬁrqu%?hé gﬁ? = nSIVteyﬂeTﬁg l'ect ed
controller 50 can use the d t |
c il anbabedintent\bE GaEEStOS Veigg'a o‘)éﬂ?tgleg‘t’”tﬁ‘ ﬂ? ﬁigcped liquid 30

Coiis:gsg g})grga Lo lgi\%ﬂgel?sl INGghidughitBe Qééﬁéluhaﬁpdmzz)f t he

over an i nterval of tinme
FAgethelystharsyeherraluW sinal toad pall o BPTe Wéngvgﬂ%ﬂ cells.

S OO ilnlendid otlis th SBORMSIoah e %B%'I Ao FEUX1BCE10E. The

dée the weir I'iquid build up
8Qaaitcdib@4, ¥&butpapan langloaalecm@allslg@al suahAY %V%lﬁamhat

anec’rlé:a?gg %ettgt%l Ha gl mtf’, usre]; &F b§ %51085‘ celi(s). The analog electrical

- signal is captured by a controller 50 that includes a compuiter and typically
includes an analog-to-digital conversion function with stored calibration
information, where a digital signal is generated for further processing or used
for generating a digital display. It is not considered essential to the invention
regarding the type of controller 50 that is used. One suitable controller 50 is the
Mitsubishi FX2N programmable logic controlier with a known conventionél
analog-to-digital converter. In an alternative embaodiment, controllers without
analog-to-digital converters may be used along with load cells outputting digital

signals directly into controllers.

The controller 50 computes the mass of collected liquid 30, Miquig by storing a

known mass for the empty collection vessel 20 or reading the output'vaiue of
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20 and overflows the weir 36 in the downward
direction 88, 90 due to gravity and flows along the
surrounding wall of the weir 36 and reaches the
surface 84 of the collected liquid 30. A stream of
liquid is established and collected in the

col l ection vessel 20. This nethod reduces or
elimnates loss of liquid frommst or droplets
during a liquid flow rate nmeasurenment. 25 Dependi ng
on the volatility or flammab®lity of the liquid being
nmeasured, the internal gas pressure 38 is regul ated

lei. { {&, i %E&m U PHASH tid a@xécmmvemwm {scergply angxegiing on the
h gg rough the gas inle r vent &% ﬁ&gvé&%la Memt
Tstlpp@‘-t \ZﬁmeMUéefEﬂtO the VB%SS %&Wé\h? the' gas™i \?@d p”y

el rédt mug:lmmd’leaamrfeﬁn ells
\%ﬁe\/ ]18-.u hgﬂ{ E@r‘tlc}fle}/@@ r

process

R4e8s ue;breeelntmgnhe dolat Naes b’gsat ppendhe “@#ﬁﬁ%ﬂ vegss! g gontains

col l ection vesse f in process. Figure 3

|C§“%°"Pijaﬂ}“9f§§r ?ngfs 6B tt%ﬁgcrirznt" '3% of flow rate

nmeasurenent to inplenment in the system shown in

Fi gur diiglis 2. Mt sMewind be recogni zed that the 5

met hod can occur sequentially, concurrently, in

pﬁq‘;ﬁh,lggg ﬂffgrraiermgjf raglle(ned gmsmsans capylaledd ‘i‘l&“p%tﬁ'g the

met hod wi n e descri rai n of flow

Sehanent B35 MM SVeE Ay TE VAL IR oG, ARl egdesenton of

W k)é n{g’é’sme%&té‘uﬂﬂ% bies%reatt&elmmaﬁlﬂmn@ ohthe eqligpted liquid
8 step 2 theconthééaller 50 will store the

daQisrgiven bbW&%ﬁ@‘t@e aensiR-ep 208; the col | ected

liquid 30 in the collection vessel 20 is drained

bel ow @ =t piedet erm ned | evel and the two-way drain

val ve 44 ci osed for the duration of the flowrate
ur RahE Gtk @ kiey cdifcteanideida30, and
q’%l‘%ﬁgthé "(ﬁhdt%%%t réee way valve 14 to allow

t gs gasliguid tldére.sltgol I ect| on vessel 20 to vent through
e gas outlet line 16 to relieve back pressure while

l Lrﬂg'cgn{rb\ll%r%ot&% u%b%ﬁb@ﬁr&@t&ﬁﬁhlp%caw\maﬂﬁ ’dq@ wlanetric -

he“con 0 sends a control

t fowwate Quf pheycaligictast ligpid 30 fa|qng vyiﬁbtlhg &pmé)gfqtlgﬁ oflti Selange
20, W LD QUL cld FURAIG GriiRp! v [ine 40. Al step 214

a short stabilization period, the - :

controller 50 captures h

| QA 2R @O ENI3ESd ViRY Pf éﬁ'bﬂ“f‘efsg I‘l#"“@'ﬁ@ Figure Lo enows
! ?ﬁ@ g\% Slikd rReRRANBE s theiwar 36 wdbmulAtbtmiﬁ@Pe&%Bt the
0 tH |mn%TW|nowtheco

tr
cauossritn 38, T b3 v 0icEcafes 10e 14 Gugags tension
Cel o 9@9]!1 ghﬁe it B@‘irﬂ&e%dﬂﬂ%r@ aeB@NES, iI90uB.et torgeavity and
IO ependi ng on o of
ﬂows along the surroundmg wall of the weir 36 and reaches the surface 84 o
the collected liquid 30. A stream of liquid is established and collected in the
- collection vessel 20. This method reduces or eliminates loss of liquid from mist

or droplets during a liquid flow rate measurement.

Depending on the volatility or flammability of the liquid being measured, the
internal gas pressure 38 is regulated with either a pressurized non-reactive gas
12 or vented through the gas inlet or vent 18 and the three-way valve 14. In an
embodiment, the gas inlet or vent 18 is normally vented th(ough the three-way



accuracy required during the filling process. At step
218, the controller 50 converts the captured (i.e
sanpl ed) load cell signals which represent the mass
of the collected liquid 30 over the timng w ndow to
an instantaneous flow rate Q 25 At step 220, the
controll er 50 executes a decision block that conpares
the instantaneous flowrate Qwith the desired flow
rate Qo. If the instantaneous flow rate Q is higher
than the desired flowrate @, the controller 50
sends a control signal to reduce the opening of .the

v%’«\ﬁ)iﬁwgydu?ﬂg%é( gl‘ﬁﬁ%ﬁﬁocégs {While edsressurizbe nanveattivefgas 12.is

he coll ection,vessel 20 at step
2afhp24 iflorive celigoion Nesﬁelié()l%‘f‘ar@tdo{ﬁ@dﬁg Tow rate Q

Is less than the desired flowrate 8 Qo, the

%?V%fré alik %fﬂo@cm Bateh rmﬁefthbd of fivalate nesseremeRt to

' h
amplamen@m mﬁéyét\gqam gigcpv?;éfn @u ﬁé légﬂ%@%‘a %c nlzed ttl?at the

he pdesiel, edirf a\hn@aehion
}]88%?9%gﬁl%qg%ﬂ‘ﬁgeﬁﬁﬂrkhﬂ&eﬁlpnstg ? aI eFt)IES £l gyv To

_ rmireyr@myet!nehesthpﬁ@VIHjEQWrb@oﬁqﬂCBW‘F as gaiAgd o W%lf?”ctﬁ

10

15

20

235

30

' nst aneﬁ Tfnl %Wn{rgﬁe‘? 5? Rl iatiste el BoN T8 rhéasmrement at

ta is known and the
Cﬁ@@é 200 | Rrst&®282 ahe sobinalter Gatvall storgrEroigpirgd ﬂé’t"’e"ﬁtezg@ At

Sep abosbe Saficteh B dOBIANE &listRoT (e R utael pelowa
Z%P@déﬂéﬁﬁln)éd%vél had &heqwdiwagmcam |va|ve<5ﬂ4| alessddar thesdisption of

At step 232, th 50
st v S R AR 1 e o

3% B LS il e£id &mwa&s@s iAGhd bolmetitn véesey2g to vent
Pet [Tne 16 and then cl oses  the thre aH L&
&"i‘égd lls the

mrough tbe gps potiet linge & orvefisyg BrckaRiesaigy et g)

S&cﬂl‘ér@ é%ljé: ? eBRFH0 tAl%téM@@ thaoMabes 5h4ehds Slqmptryl sagnal to the

Ive gas into the coIIect|8 q J h
chstvep SIBrﬁy vatwe ﬂédﬁtﬁ"ém epllastion ¥pzRe! 4 8‘6%& 1351 frSi the
P& tigslt t I
%};ﬁY H 68 nstéﬁt(@ ﬁecrﬂgf 1 Weh Yeaiidation geddd) ontroller
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converts the captured (i.e., sampled) load cell sngnals which represent the

mass of the collected liquid 30 over the timing window to an instantaneous flow

rate Q. |

At step 220, the controller 50 executes a decision block that compares the
instantaneous flow rate Q with the desired flow rate Qo. If the instantaneous
flow rate Q is higher than the des;red flow rate Qg, the controlier 50 sends a
control signal to reduce the opening of the two-way supply valve 42 to reduce
the amount of liquid supplied to the collection vessel 20 at step 224.

Conversely, if the instantaneous flow rate Q is less than the desired flow rate
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20 system 10 showing the liquid punped fromliquid
supply inlet 28 (Figure 1) into a weir 36. The
liquid rises upward 122 in the weir 36, builds up at
the weir opening 32, and overflows downward 124 in
all directions while clinging to the outside wall of
the weir 36 to the liquid surface 110 inside the
col l ection vessel 20. In an enbodinment the system
operates in a batch flow rate neasurenent 25

envi ronnment where the filling process term nates and
drai ning process through the drain 26 begins at a
certain | [ i epd@thedtpeniamgsudply ialve at
\é?,rtﬁ%ﬁonl’lr&fé % esr%ﬁta%)aof 9g§fél Itdegreasn n de:]j'gumr?fl‘pl
rsaé;ezdmanteuhemmmmdhagonuroltﬁm@ messsres Ay Gprapares the

F;;%%g%%é'gggf@@gg@@@h%@ BEH&SNAY Pite R stéps 214 to 220 unt

I've.gas I'sS punped into the

GAL liRGAntaRe dtesto raz@@feabhe@u@hdestf@d@iaw rpie @0 18. By
|ncrea3|ng the pressure of internal gas atnmosphere 9

3\&9 e{b%sq* o ftd ét&whe%egmm mteouas dhe flow
constant flow rate

f@waa@ws kooun oz beniiae 66 Sipres it EatgaRTHEHEY BFieP 228
; q?r?ﬂ?\gtagﬁgg) égﬁ&fqeg lté?lipﬁo‘ﬁepﬁ)ﬁg?@{a A6 &Gy P RS$ HAR thedvad-Way

ow or steady state flow
dely {féllvé\MIzlto bat tﬂessuppwexﬂtmmhcﬁutﬁ:ir@‘mtf@ ®lleqtipn yasgai40- At

| | t ed
san 2ae) the copioldled Ciehels s FEMASEB BopshiheSheblay vaive
W‘M ko 3<§|1télh§ @?gﬁ’gﬁ} a8, O@tlI@kﬂmﬁressel :lmnpmghrrha ges outlet line 16
Sl Ca erturbation 6]
e b ek s’ L S gt SO AP s o
SJ? af to%p%ﬂﬂ elthi@eGRay @Atd 0Bty §|S;§Epiﬂ aMdn-reactive gas 12
dét er m

ening effect. 10 Wt hq Q/
nioko trgp q;nilet:tupmv&shs@ ggﬁt@ﬁ@q@% tth% cggpggl@ﬁﬁgep@ a control

Lﬁj B oedper BIGE, qj%ﬂﬂvéﬁéézt 3 AEAPbIMhE liGideN o8 Geqitled that

cal anmages. wel r and t he coIIectlg
vasstlker aéwdl@w fae Medeurgsieng id @wug‘@ﬁ phetep 2888p Jpw rate

c onq%tsrggecrﬁén é“‘?iﬁé@ thf bﬁsrgﬁgat@& bggin}ﬁﬁ{goa%ﬁne@tested bot tt?%sgabhsh

exact aneter of the weir
candies eftsliraiietcdventa mevide Irandeooistuvpratass Oiaesize. e flow

optimal weir dja r._9%h desi permt neasuring
tﬁ%fefm%wr%msnwnﬁﬂgﬁf%mﬁ?sﬁqg g“ili ass of |i qU| ds of
very wi de range of viscosities. A Newt onian

h#&sguae das stamtialdubowey ayd & peiFpediNe Xiew %ft%erﬂk’o‘glme”t of the

ggg%tﬁﬁgi% ﬁ@(ﬁ%&ghé; flcgu@g:qn}pgﬁﬁﬁﬁg g old I’%‘.([:]gplif ﬂ'ﬂetb_i% (Figure 1} into
a weir 36. The liquid rises upward 122 in the we|r 36, bu:lds up at the weir
opening 32, and overflows downward 124 in all directions while clinging to the
outside wall of the weir 36 to the liquid surface 110 inside the collection vessel
20. In an embodiment the system operates in a batch flow rate measurement
énvironment where the filling process terminates and draining process through
the drain 26 begins at a certain liquid level 110 below the top opening of the
weir 32. in order fo offset thé decreasing drain flow rate due to the receding
liquid level 110 where a progressive vacuum is generated over time, a

pressurized non-reactive gas 12 is pumped into the collection vesse! 20

through the gas inlet 18. By increasing the pressure of internal gas atmosphere



equation describing-a Newtonian fluid is given bel ow
20 ti=y Were z is the shear stress, is is the ,
viscosity and y is the shear rate. Assum ng that the
Hagen- Poi seuille law is applicable (see C. V. Easwaran
and S.L. Kokal, SIAMJ. Appl. Math., 52, 1501,

1992), the rate of flow through the 25 weir 36
(acting as a capillary tube) is given as follows: Q =
(7CAP4~4)/(128h) AP=pgh+Pf+Pi 10 Were OP is the
pressure difference, i.e. t fe [iquid punp pressure,
required to overcone weir pressure pgh, |iqui

li %EI d .. |
£ bod/i toRe. Rhe ik hatedahibestommpansates taiRghiens SUPRREHAY

at nospher’i ¢ pressure Sciifish d.the
t@rtﬁtﬁ"d flow rgtq wh ?%@fﬁ?%*eﬁohgﬁgﬂ const aﬁrﬁ/uggh is the

weir height, Pf is the-liquid fricti n in
Eﬂiﬂoﬂﬁ*ﬁé’ntsy)ﬁeentbaclpcomtg)l meehpRsET 9AC {f'é(? c&ng@gt Igiram Bow
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the weir heig FQWUWEI t.Lbnner dianmeter 4k are

adnéﬁamief’fhﬁée?? PERE?6 wi 1| be directly

proportional to AP and 15 inversel
Thbfwéahﬁﬁ aisocots ay aglagiper ﬁ@dpmagp &1I¥?{gqu§ LF’CS;E)TIM)TB&!GICS}h to

" decr S b HEG B @ieidmetesantthe
fp %ﬁP '@Gcfﬁﬁﬁﬁﬁn%gglggiﬁ% ng% Wil neI

i pfIreRaed 36rardiett\ee;zmﬁecmdmwels|a@| ghcﬁpgemeg%];hepg%vp%’gag effect.
that the liquid

_ e Jel OizARely rugged
10 fMViineut any g "%Hepa%tl’ﬂs 1 BW ratqge% cﬂ e I hcreased of
dERf 18ES 86k RpibIBE6 efsiagr whysbatdameyersy the punp
pressure AP, provided that 20 the flowrate is kﬁg%%

af heawbi?‘%'anﬂ(lhe fcolletiog vesskl @0mgastbegnagde §pngt!awisH
gas above the coll ect ed la's%gn'sg)rg’&l rf%:ﬁﬁﬁé'vxﬂﬁk ng@,leﬁube

tt@napg GPBSHUGRB fRAtg TR\ for carrying
b AabidiSheter of the weir 36 can be calculated from the relationshlps
15  below. An optimal weir diameter ¢c design will permit measuring the flow rate of
Newtonian fluid class of liquids of very wide range of viscosities. A Newtonian -
%luid has a constant viscosity at all shear rates at a constant temperature and
pressure, and can be described by a one-parameter rheological model. An
equation describing a Newtonian fluid is given below:
20 T= Uy
Where 1 is the shear stress, p is the viscosity and y is the shear rate.

Assuming that the Hagen-Poiseuille law is applicable (see C.V. Easwaran and
S L. Kokal. SIAM J. Appl. Math., 52, 1501, 1992), the rate of flow through the
25 weir 36 (acting as a capillary tube) is given as follows:

Q = (rAP$.)(128uh)

AP = pgh + P+ P
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method of liquid flow rate neasurenent. A suitable
punp such as a peristaltic 25 punp (not shown) is
used to punp the liquid through the supply line 40 at
substantially constant pressure through the two-way
supply valve 42 into the Jliquid supply inlet 28 into
the bottomof the weir 36. A steady flowis
established where the two-way drain valve 44 is

cl osed during the neasurenents. A set of |oad cells
24, 48 coupled to the vesseltsupport 22 record the

i nstant aneous 30 total mass M of the collection

Kﬁﬁ&%{ %I??s l{l‘n@%e?gﬂﬁe ueRseddeei.eahk eqttudd)ulmpqpneds% egquired to

Iquid | evel repr esent soI |
Idﬂé@coiﬁ@weTmeesmEfe aghdtﬂe@lﬁ'dﬁn Prigdie g?" Sﬁ ﬂp e

this tine - Menpty). The rrassM
df"‘elm@r@tm?sa'leé'cgpdg?ls% rrbl ed and converted into

dbglthéldeﬁgfyr@tthéﬂdjmﬂhe control l er. 50. The mass M2 at

T2 i s then san%)l ed when the | evel of the ‘
c@lﬂtéctge@“flai“a@ﬁ“cfiogé anki ses to the dotted |ine 102.
Tm e&g s nmeasurenent can be sanpled 5 and
convert |n o digital format for the controller 50.
| B :erthi@hqul@frr(élduole“lﬁfﬁfdwe@fsyst% neasur ed val ue of

tg r{a m(t)%gglvéa{s és%kng system 10 can take many

I me periods using the sanme
t@gbmhé]m@erd“llamdterqnﬂtueweow rate Qis derived by the

mass change_re the |l oad cells 24, 48 over

t s therBrOBRY ﬁ?ﬁ’@g'ql“fcﬁé "Hhterval. 10 The fluid vol une
Cn@@%\ﬁéﬁfﬁelbhﬁe can be then cal cul ated fromthe
roduct imass change over tinme and a constant term

of liquid density. AV= AMp (M7M)/p 15 wherein
Agﬂ‘;&t%‘? ﬁgﬂgﬁﬁep ﬁg?@%nﬁﬁ@ﬁaﬁcbﬁﬁahm QR deir heig ¢, Welr inner

mass gai ned by the liquid in
caldnestti @h&metanﬂﬂh@ﬂew rafiecQ p\ﬁlél@]@ﬂ@eeﬂy@gpompﬁ@ to AP and

i nterval is the |i d den SHQ& ses
enerarprperionh - R ToPaNY ¢ REHTE E‘&‘\@‘”Fﬁ%“ 95,51 Yeftea
0‘6? ébrf% S Ahaihtaid itk dame A0w Thie Q) tQEupdm‘d pnwsslaeé&P will
an be defined asthell%ld vqu chan QuEL: AR q
[ mteed\ttabemcreas@ or decreased by the same actor pr e tt liqui
to be delivered is a Newtonian fluid. leeW|se,‘the flow rate Q can be increased
or decreased by increasing or decreasing the pump pressure AP, provided that
the flow rate is kept at a level not forming undue mist or droplets in the gas

above the collected liquid 30.

Referring again to Figure .1 shows a system 10 suitable for carrying out a batch
method of fiquid flow rate measurement. A suitable pump such as a peristaltic
pump {not shown) is used to pump the liquid through the supply line 40 at
substantially constant pressure throu-gh the two-way supply valve 42 into the
liquid supply inlet 28 into the bottom of the weir 36. A steady flow is established
where the two-way drain valve 44 is closed during the measurements. A set of
load cells 24, 48 coupled to the vessel support 22 record the instantaneocus
total mass M, of the collection vessel 20 that includes the collected liquid 30 at

the start time liquid level represented by the solid line 100. The instantaneous
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25 Q = AV/AT= (V2-Vi)/(T2-Ti) Wiere Qis the liquid
flow.rate, AVis the liquid volunme change over tine
interval T2 and Ti, and AT is-the tine interval over
final neasurenent T2 and start neasurenent T1. 30 By
substitution, flowrate is determ ned as follows: 12
Q=AM (paT) = (M-M)/(P(T2-Ti)) Wiere an assunption
is made that the liquid physical properties remain 5
substantial ly unchanged during the course of

measur enents. The instantanddus vol une i nf ormati on
can be determ ned by the iinstantaneous nass data

COTf R lﬁﬁﬁid gﬁthhso@rge gsth a2HM S ,—VM&MI%A@_TWE‘SS M at time
relationship described above:. = M. r
a4 ist thep saﬁmd%handrpowqﬁ&g|"E¥°£“%ai?9ﬂ“ai f%ﬂ%#’&%ﬁ"&ﬁ?@ Fre
is an,e | et icdiUvskf Hevieve boe tHepadiecieadiquid 30
?ﬁ?@#ﬁ%ﬁﬂ%?ﬁg th?'féggfk‘;_gck control methods. The theorﬁ/I d
diEed RetheatsteddneriOR. TRiSwerenk NGRA MaasyEemMqa Gafbe sample
description w Ll.only | > [P Y¥Rfe? B reduce error of
iaﬁélcgﬁgﬁ?%$P£Aea'§3§|ﬁo%5%? ?18 hleq%r? nglrﬂ\érte%odi ment , ret he
i SlHeBstiteawalas of the asassdiomntate et system 1@esortpke 2Ry
batch feedback control , flow pet : i 86 ne® rat
sevEicr e REaR bees vt FE s tebARigRRTTAGIQY 10 rate
g %%%dq%nhé Phassi dhaabs réGrdéd by Tesload welior4,e48 o@r the
sends the feedback control signals 55, 57 to the
qoedeispongd Hge Rlefelway val ve 20 14 and two-way drain
val ve 44. A pressure sensor 37 generates the input 39

i ndicating the gas pressure in the collec %on Kesse& t of
Zlhe fillie vblogoe dwrige vgr timg calgrt@,iihgg cgjeu| ropghe product o

| ndicgting the.ms LhGaGabHAG iiqid wesssl 20 with
dRg=s %&ﬁq SC Véeat!Fn%qéu}cg‘ff‘ “Thput 51 i nollcimg%t es the desired
flow rate Q. The magnitude of the feedback control

signals 55, 57. ,¢cpr onds the difference between
~ the 25 suns of Pﬁ%ﬁ@?‘gg( aéﬁi’ﬁd the input 51. In-
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order to maintain the. drain line 46 at constant

dvrvlf?(iarginr Elt\deis it!'?e %aggtcﬁgngee E)\rr]eorq{me interval T2 and T4 refiecting the net
mass gained by the liquid in the collection vessel 20 over the predetermined
time interval, p is the Yiquid density, and Mz, M, are the measured total mass

data from the load cells 24, 48 over time interval Tzand Th.

.The liquid flow rate Q can be defined as the liquid volume change over an

i_nterval of time.
Q = AVIAT= (V2-V )(T2-T+)

Where Q is the liquid flow rate,
AV is the liquid volume change over time interval Tz and Ty, and

AT is the time interval over final measurement T and start measurement Ty.

| By substitution, ftow rate is determined as follows:
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the feedback control signal 55 actuates the three-way
valve 14 to adjust the pressure in the collection
vessel 20 by introducing a non-reactive gas 12 into
the gas inlet 18 to conpensate for a flow rate
decrease froma receding liquid 30 | evel. The

f eedback control signal 57 actuates the two-way drain
valve 44 to 13 increase or decrease the drain rate
of the collected liquid 30 through the drain |ine
46. A constant drain rate id42reached when the
feedback control signals 55, 57 are close to zero

i ndicating that the decrease in mass of the collected
liquid over a specified tine achieves. the drain
liquid flow rat@=vANMKpHT &= WEH@V@KH‘F%H 5 error
margin. I n another enbodinent, the liquid flow rate
measur ement system 41 can be used to inplenment a,
sieadundsatmptios dhacke tentholiquid physiea! RERPETRF EAAIN

steady_  state, the amount of |iguj ked into the
subavialynaanasd 3 ‘”&#Betcﬁiérsgr&%%rﬁ%%%‘%'?tg'ui d
drai ned out of the collection vessel 20 are equal or
within a 10 predeterm ned error rgin. A n
zr@ednstaet@nemg@uweFfOfmﬁwbm‘?‘gB%t%H“'”thb#ce{@%#"%?&ta”eous
' e 1BhE BB P dis, ThiRg Bi@retatidnkRip described
ﬁﬁ%s{%&é?ﬁﬁ%ﬁgg r}g’s prcef erably es?abl i shed in the
@bbliecti on vessel 20 before the steady state
constant flow nethod begins as illustrated in the
flow chart as shown in Figure 6A 15 As shown in
Figure 5, inputy=@,ud® 51 are fed into the
controller 50. It should be pointed out that during
si/Ra@@yat3ined ibstane T{ MrgdhacMoeoniMaaby si gnal 59 is sent
to keep open the two-way supply valve 42 at the
L gRld LOWMi& G Bowdiel Meaduiément dyseem 41 using
%W{%dd. g%?’e @%ﬁ@}r%lnf er é{) ma(iwr:t ains the drain rate thus
deadttanhtcoptrol methesni The tgophef fredasiGRnEBHE M known, thus
fth% '&%lﬁﬁ?r]ipggn%ﬁjoﬁlgtd@s&ﬁb%ﬁoﬁ kih O 5y TEHE M bléARnid @B ack edntrol.

ence ween e sumof inputs 39, 49 and

input 51 to the correspondi ng valves, The f.ee > :
ST gRal, T e ok dae meet e Ber sy ey A iaa s o

i%‘f&ﬁ?ﬁ%ﬁb%k cOIRRY BBRENLRBd] THEEGATIGES0 RiceB@sties BRUs3Y,
the coll

ection vessel 20. The feeo,lbaci

AYmal B7 and putnus therfeedhaskgeptral 497a géﬁﬁ@ﬁ‘i\%&ﬂ“@"ﬂ 50

ik i o T

f pedhdioko-way drain valve 44. A pressure sensor 37 generates the input 39
indicating the gas pressure in the collection vessel 20. The load cells 24, 48

' proVide an input 49 indicating the mass of the collection vessel 20 with any
coliected liquid. input 51 indicates the desired fiow rate Qo. The magnitude of
the feedback control signals 55, 57, corresponds to therdi_fference between the

sums of inputs 39, 49 and the input 51.

7 In order to main'tain the drain liné 476 at constant drain rate in a batch method,

the feedback controi signal 55 actuates the three-way valve 14 to adjust the
pressure in the collection vesset 20 by introducing a non-reactive gas 12 into
the gas inlet 18 to compensate for a flow rate decrease from a receding liqu_id

level. The feedback control signal 57 actuates the two-way drain valve 44 to
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control signal 59 is kept within a predeterm ned
error margin when reaching the desired flowrate
unl ess a new flow rate.command i nput 51 is sent to
the controller 50 to actuate the two-way supply
valve 42 to adjust the flowrate of the liquid into
inlet 28. Once a new flow rate command i nput 51 is
executed, the 30 controller 50 will actuate the
internal gas pressure through the three-way val ve 14
14 and actuate the two-way di3ain valve 44 to drain
liquid at the liquid supply flowrate. At steady

state, an, equi I| | RlciecArgidiz@timofigiothe drain
i Y A A L bt i

esired |iqui I
fine dibapkconemint dfans raje s reasBed when Mgyl %@L%?q%c%ﬂ?fo‘?émﬁge 55,
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offsettlng effects to reduce the nmgnitude of the
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tiR@nota iethibhdiinant, thediswicfiew raie n@epﬂg:ugﬂg {em 21 can be
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Base e ratio of the mass of
CQJolrregp@rﬁthg galvdst o the col l ection vessel shoul d be

as high as possible, and (2)

25

30

The feedback control signail 55 actuates the three-way valve 14 to increase or
decrease the internal gas pressure 38 in the collection vessel 20. The feedback
control signal 57 actuates the two-way drain valve 44 to increase of decrease
the drain rates of the collected liquid 30 through the drain line 46. The feedback
control signal 59 is kept within a predetermined error margin when reachjng the
desired flow rate unless a new flow rate command input 51 is sent to the
controller 50 to actuate the two-way supply valve 42 to adjust the flow rate of
the liquid into inlet 28. Once a new flow rate comrhand input 51 is executed, the

controller 50 will actuate the internal gas pressure through the three-way valve
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25 the sanmpling errors and the susceptibility to

envi ronnent al physical perturbation should be

m nimzed. In one enbodi ment,. the collection vessel
20 is constructed of light weight material such as
pol ypropyl ene. Therefore, the mass of the coll ected
liquid 30 becones domnant in the low flow rate
nmeasurenents. The size of the 30 collection vessel 20
can be scaled up or down to neasure a w de range of
15 liquid flowrate with hiigh accuracy, hence the
overal | systemsensitivity is high. Since the flow
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The "second difference js the Liqg g b
I dayédaullc condltlon of the liquid supply and the drain pumpmg sys ems can be
maintained at reasonably constant pressure condition, and {4) the load cells
are capable of minute mass change detection. Assumlng these conditions are
met then optimizing the following considerations will also help improve the
system: (1) the overail system sensitivity based on the ratio of the mass of
collected liquid to the collection vessel should be as high as possible, and (2)
the sampling errors and the susceptibility to environmental physical

perturbation should be minimized.

In one embodiment, the collection vessel 20 is constructed of light weight
material such as polypropylene. Therefore, the mass of the collected quqid 30
becomes dominant in the low flow rate measurements. The size of the

collection vessel 20 can be scaled up or down fo measure a wide range of



remai ns substantially unchanged throughout the entire
steady state constant 25 flow net hod, because the
amount of liquid drained out will be constantly
repl eni shed by the sanme supply flow rate Qo w thout
interruption while in the batch constant flow

met hod, the liquid level will decrease at the desired
flow rate Qo until all the collected liquid 30 in
the collection vessel 20 is fully depleted or the
method is term nated since tte depleted collected
liquid 30 is 30 not replenlshed in the batch nethod.
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non-reactive gas 12 in step 274 or step 28 g
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CRANGB P LoniR4i6h Wtk Fdguirery  ei t her the batch
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IQUI% Into the collection vessel, wherein the

Fﬁ“ d |ﬁ¥ﬁ{ageé {h%%qse@r%ctk%n&rgl fB&obeRtAfing\8l dtep2d2. The
steady state constant flow method 244 and the batch constant flow method 248
share common steps such as pre\nously described steps 252, 254, 256, 258,
and 262 but have certain differences. The first difference is the two-way supply
valve 42 stays open at step 246 for the liquid during the steady state constant
flow metheod, while the two-way supply valve 42 stays shut at step 250 during
the batch constant flow method. The second difference is the liquid level
remains substantially unchanged throughout the entire steady state constant
flow method, beca'use-the amount of liquid drained out wili be consténﬂy
replenished by the same supply flow rate Qo without interruption while in the
batch constant flow method, the liquid level will decrease at the desired flow
rate Qo until all the coliected liquid 30 in the collection vessel 20 is fully
depleted or the method is terminated since the depleted collected liquid 30 is

not replenished in the batch method.
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5 the collection vessel; a |oad cell coupled to the
coll ection vessel and generating a |load cell signa

i ndicating the mass of the collection vessel with the
collected liquid; and a controller for converting
the load cell signal to indicate the liquid flow
rate into the collection vessel; 10 wherein the weir

i ncludes a colum or tube wherein the top of the weir
is above the bottom of the collection vessel and
wherein the liquid is punped6 fromthe bottom of the
wei r at a constant pressure producing a gradua
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stabilization period the controller captures a | oad
cell signal and opens a timng wndow. At the end of
the timng w ndow the controller captures another

| oad cell signal. A controller calculates the mass of
the collected liquid over 10 the collection period
and the flow ratesuch as mass rate and/or the
volunetric rate. The duration of the timng w ndow
depends on the neasurenent zdesired. Since the liquid
wel l's'up and overflows the weir, the systemcan nake
preci se nmeasurenents of low flow rates. In another
CLAMSr e, feedback control mechanisns are inplenented

in the batch constant flow pethod or 15 steady state
consthnt  syEtemBiaoReasyingdtaw rade aba dquid negomprising:
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signal indicating the mass of the collection vessel with the collected liquid; and

a controller for converting the load cell signal fo indicate the liquid flow
rate into the collection vessel; _

wherein the weir includes a column or tube wherein the top of the weir
is above the bottom of the collection vessel and wherein the liquid is pumped
from the bottom of the weir at a constant pressure producing a gradual
overflow at the top of the weir into the collection vessel by gravity without
formation of mist or droplets. |

2. A method of measuring the flow rate of a liquid, comprising:

providing a weir for a passage. int_o a collection vessel,

supplyikng liquid to the weir so the liquid overflows the weir and collects
in the collection vessel;

generating a load cell signal indicating the mass of the collection vessel
with the liquid collected;

converting the load cell signal to indicate the flow rate of the

liquid into the collection vessel; and supplying the liquid from the bottom of
the weir at a constant pressure producing an overflow at the top of the weir

into the collection vessel by gravity without formation of mist or droplets.



